The gene coding for proline iminopeptidase in BaciUus coagulans was cloned and expressed in Escherichia coli. Nucleotide sequencing revealed an 861-bp open reading frame with an unusual TTG initiation codon, encoding a 287-amino-acid protein. The calculated molecular weight of the product was 32,415. The amino acid sequences of the amino-terminal region and those of some peptide fragments obtained by endoproteinase Asp-N digestion of the purified enzyme completely coincided with those deduced from the nucleotide sequence. The rare TTG initiation codon that normally codes for leucine was translated as a formal initiation codon; a methionine residue was found at the amino terminus of the enzyme. By using a vector bearing the strong tac promoter, an expression level as high as 200-fold that of the first clone was achieved. The replacement of the TTG initiation codon with ATG and a simultaneous reduction of the distance to the tac promoter resulted in a further increase of 2.5-fold. The expressed enzyme was easily purified to homogeneity by hydrophobic chromatography on a Toyopearl HW-65C column and crystallization, with a recovery of activity of 36%. The molecular weight was found to be 33,000 by both sodium dodecyl sulfate-polyacrylamide gel electrophoresis and gel filtration on a Hi-Load 16/60 Superdex 200 fast protein liquid chromatography column. The expressed enzyme showed the same catalytic and physicochemical properties as those of the wild type, specifically cleaving the N-terminal proline from small substrates.
The gene coding for proline iminopeptidase in BaciUus coagulans was cloned and expressed in Escherichia coli. Nucleotide sequencing revealed an 861-bp open reading frame with an unusual TTG initiation codon, encoding a 287-amino-acid protein. The calculated molecular weight of the product was 32,415. The amino acid sequences of the amino-terminal region and those of some peptide fragments obtained by endoproteinase Asp-N digestion of the purified enzyme completely coincided with those deduced from the nucleotide sequence. The rare TTG initiation codon that normally codes for leucine was translated as a formal initiation codon; a methionine residue was found at the amino terminus of the enzyme. By using a vector bearing the strong tac promoter, an expression level as high as 200-fold that of the first clone was achieved. The replacement of the TTG initiation codon with ATG and a simultaneous reduction of the distance to the tac promoter resulted in a further increase of 2.5-fold. The expressed enzyme was easily purified to homogeneity by hydrophobic chromatography on a Toyopearl HW-65C column and crystallization, with a recovery of activity of 36%. The molecular weight was found to be 33,000 by both sodium dodecyl sulfate-polyacrylamide gel electrophoresis and gel filtration on a Hi-Load 16/60 Superdex 200 fast protein liquid chromatography column. The expressed enzyme showed the same catalytic and physicochemical properties as those of the wild type, specifically cleaving the N-terminal proline from small substrates.
Proline iminopeptidase (EC 3.4.11.5) activity was reported for the first time by Sarid et al. (24, 25) , who found it in a prolineless mutant of Escherichia coli that could utilize poly-L-proline in place of the required amino acid. After these two reports, however, there have not been any others about proline iminopeptidase activity in E. coli. Recently, Fanghanel et al. (3) reported the use of L-proline iminopeptidase activity for the identification of Serratia and Hafnia species. These strains hydrolyzed L-proline-4-nitroanilide, in contrast to 18 other Enterobacteriaceae species including E. coli. The enzyme activity has also been detected in a variety of organisms, i.e., some human oral cavity microorganisms (14) , Neisseria gonorrhoeae (2), Bacillus megatenium (36), Bacillus coagulans (38) , Lyophyllum cinerascens (26) , and apricot seeds (18). Furthermore, a proline iminopeptidase was partially purified from Bacillus brevis and used for the enzymatic synthesis of proline-containing peptides (20) . However, only the enzymes from B. coagulans and apricot seeds have been purified homogeneously.
In mammals, an activity that cleaved the N-terminal proline of melanocyte-stimulating-hormone-release-inhibiting factor (Pro-Leu-GlyNH2) from pig (19) and bovine kidney (10) , and recently, the detection of a proline iminopeptidase activity in rat liver and kidney have also been reported (9) . However, the presence of a real proline iminopeptidase in mammalian tissues has remained uncertain, since other aminopeptidases like leucine aminopeptidase (32) , and even carboxylesterases (8, 16) Replacement of the TTG initiation codon with an ATG codon by the insertion of an adaptor (Fig. 1) . Taking advantage of the presence of anAccI site immediately downstream of the initiation codon, an attempt was made to insert at the AccI an adaptor with a sequence that could change the start codon from TTG to ATG without causing any shift on the translational frame. Two oligonucleotides with sequences 5'-GGAATTCATGT-3' and 5'-CClT'AAGTACATA-3' were synthesized. After the double-stranded adaptor was digested with EcoRI, two cohesive ends-one for AccI and one for EcoRI-were obtained. This fragment was inserted into EcoRI-AccI-digested pPI-14, and the EcoRI-PstI fragment was ligated with a similarly digested vector, pFMOO5, resulting in the formation of pPI-20. Since a ribosome binding site on the plasmid is located 4 bp upstream of the EcoRI site, it could direct the translation of the proline iminopeptidase gene insert (4, 7) .
Enzyme activity assay. The proline iminopeptidase activity was assayed by measuring the amount of 3NA liberated from Pro-,BNA, as described previously (36) . One unit of the enzyme activity was defined as the amount of enzyme releasing 1 ,umol of INA per min. The protein concentration was determined by the method of Bradford (1) or by the A280.
Culture of E. coli transformants for the production of proline iminopeptidase. E. coli DH5a harboring pPI-20 (see Fig. 2 ) was grown in 12 liters of N-broth (1% meat extract, 1% polypeptone, and 0.5% NaCl, pH 7.0, containing ampicillin [50 ,ug/ml]) with a fermentor at 30°C. Bacterial growth was monitored by measurement of A650.
Purification of proline iminopeptidase. All of the purification procedures were done at 4°C. The washed cells (50 g, wet weight) were suspended in 800-ml 20 mM Tris-HCl buffer, pH 8.0, and disrupted for 10 min with glass beads in a Dyno-Mill. The glass beads were removed by decantation, and the disrupted cell suspension was centrifuged at 8,000 x g for 15 min. After the supernatant was treated with protamine sulfate solution (18 mg/g of cells, wet weight), the mixture was kept for 30 min and centrifuged at 8,000 x g for 15 min. The supernatant was fractionated with ammonium sulfate from 40 to 80% saturation. The precipitate was dissolved in about 800-ml 20 mM Tris-HCl buffer, pH 8.0, containing ammonium sulfate at 40% saturation, and the clear solution was applied to a column (6 by 15 cm) of Toyopearl HW-65C equilibrated with the above buffer. The column was washed with the same buffer, and the adsorbed enzyme was eluted with a decreasing linear gradient of ammonium sulfate concentration from 40 to 0% saturation in 20 mM Tris-HCl buffer, pH 8.0. The active fractions were combined and precipitated with ammonium sulfate at 80% saturation. The resultant precipitate was dissolved in 10-ml 20 mM Tris-HCl buffer, pH 8.0, and dialyzed in a cellulose tube against the same buffer containing ammonium sulfate at 40% saturation. Needle-like crystals that appeared during overnight incubation were collected by centrifugation and dissolved in 20 mM Tris-HCl buffer, pH 8.0. After recrystallization, the enzyme solution was dialyzed against water and lyophilized.
Enzymatic studies. For substrate specificity studies, the liberated proline was determined by using ninhydrin (30, 34, 35) or high-performance liquid chromatography (HPLC), for substrates other than pNAs. The method described by Tsuru et pBR322; for pPI-2 to pPI-14, pUC18 or pUC19; and for pPI-18 and pPI-20, pFMOO5. B, BamHI; P, PstI; S, ScaI; A, AccI; V, EcoRV; K, KpnI; E, EcoRI; H, HindIII. E. coli DH1 was the host for plasmids pPI-1 to pPI-4; strain JM-83 was used for pPI-5 to pPI-14, and strain DH5a was used for pPI-18 and pPI-20. No significant variation in the expression level could be observed for any of those strains, but for the last two plasmids, the enzyme production was not steady when strain JM-83 was used as the host.
Small crystals obtained by the dialysis procedure were used as seeds.
SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed with polyacrylamide (10%) gels and staining with Coomassie brilliant blue R-250 (13) .
Amino acid sequence and composition of the expressed enzyme. The amino-terminal region of the enzyme was sequenced by manual Edman degradation (11, 29) . Amino acid sequences of some endoproteinase Asp-N digests of the expressed enzyme were also determined after isolation with an HPLC Vydac C18 reversed-phase column (12) . Amino acid composition of the enzyme was determined after hydrolysis with 6 N HCl for 24, 48, and 80 h.
Nucleotide sequence accession number. The GenBank-EMBL-DDBJ accession number for the B. coagulans proline iminopeptidase gene is D11037.
RESULTS
Screening for the enzyme gene and subcloning. Among approximately 3,000 transformants screened, one showed enzyme activity and was found to be harboring a plasmid with a 12-kbp insert in the HindIII site (pPI-1). The pBR322 vector in pPI-1 was changed to pUC19 by ligating the 4.5-kbp BamHI-HindIII insert fragment with a similarly digested pUC19, constructing pPI-2. The detailed restriction enzyme map for pPI-2 is shown in Fig. 2 . E. coli cells harboring this plasmid showed an enzyme activity level 1.6-fold that conferred by pPI-1.
Thereafter, pPI-4, pPI-5a, and pPI-5b were obtained by ligating the 3.2-kbp fragment to the PstI and SacI sites of pUC19, respectively. After the disappearance of the enzyme activity when reducing the length of the insert, the gene was found to be located in the fragment harboring the KpnI and EcoRI restriction sites.
By digesting pPI-5a with ScaI and pUC19 with HincII and ligating the blunt ends, a hybrid plasmid (pPI-10) with a 2.1-kbp insert was constructed. By making further unidirectional deletions on the insert with exonuclease III digestion (6), pPI-14, a plasmid harboring the smallest insert (1.4 kbp) that still gave constitutive levels of proline iminopeptidase activity, was obtained. This plasmid, together with pPI-10, was used for the determination of the nucleotide sequence.
Nucleotide sequence. The nucleotide sequence of the insert in plasmid pPI-10 was determined. Within this sequence, there was an open reading frame consisting of 861 bp beginning at an unusual TTG codon (Fig. 3) . The TTG codon, which normally codes for leucine, was translated as a formal initiation codon, and a methionine residue was found at the amino terminus of the enzyme by amino acid sequencing. Peptide fragments obtained by endoproteinase Asp-N digestion of the expressed enzyme gave amino acid sequences that were in agreement with those deduced from the nucleotide sequence, as shown in Fig. 3 amino acid composition of the enzyme and for those obtained by amino acid analysis (data not shown).
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Preceding the TTG initiation codon, there was a putative ribosome binding site. A putative promoter region was also found, although it was far upstream from the ribosome binding site (around 75 bp). At the 3'-flanking side, two TAA stop codons in tandem arrangement and, downstream, a palindromic sequence typical for transcription termination were observed.
Expression of the proline iminopeptidase gene. In an attempt to effectively improve the expression level, the vector pUC19 was replaced by pFMOO5 (Fig. 2) . After digestion of pPI-14 with EcoRI and PstI, the 1.4-kbp fragment carrying the proline iminopeptidase gene was isolated and ligated to a similarly digested pFMOO5, constructing pPI-18. The transformants harboring pPI-18 showed a level of enzyme activity nearly 200-fold higher than that conferred by pPI-1 ( Fig. 2  and 4) . Meanwhile, E. coli DH5a transformed with plasmid pPI-20 (obtained after changing the initiation codon from TTG to ATG) showed a level of activity 500-fold that conferred by pPI-1. The effective change of the initiation codon in pPI-20 was confirmed by nucleotide sequencing. Purification and crystallization of the enzyme. The purification procedure is summarized in Table 1 . The enzyme easily crystallized in the presence of ammonium sulfate. By repeating the crystallization, the minor contaminants could be removed. As shown in Fig. 5 , the final preparation presented a single band on SDS-PAGE. The level of recovery of activity was 36%. Through the dialysis procedure (Fig. 6A) , needle-shaped crystals were formed after 2 to 3 days, and by the hanging-drop vapor-diffusion method, larger prismatic crystals appeared after a few weeks at 25°C (Fig. 6B) .
Properties of the expressed enzyme. The optimum pH for the enzymatic activity was 8.0, and the enzyme was stable in a pH range of 5.5 to 7.5. The maximum activity was observed at 40°C, and the enzyme was stable at temperatures up to 38°C (50% of the activity remained after 15-min preincubations at pH 8.0). These determinations were made under the conditions described previously (38) , except that Pro-PNA was used as the substrate.
The molecular weight was estimated to be 33,000 by both gel filtration and SDS-PAGE, agreeing with the value deduced from the nucleotide sequence.
Effects of chemicals and photooxidation on the enzyme activity and substrate specificity. As shown in Table 2 , the enzyme was completely inhibited by p-chloromercuribenzoate (PCMB) and heavy metal salts. Serine enzyme inhibitors like diisopropylfluorophosphate and phenylmethylsulfonyl fluoride, as well as metal chelators such as EDTA and o-phenanthroline and the aminopeptidase inhibitor bestatin, had no effect on the activity. The enzyme was also completely inhibited by methylene blue-sensitized photooxidation (data not shown). The enzyme released the aminoterminal proline of dipeptides (Pro-Pro, Pro-Gln, Pro-Trp, and Pro-Tyr), amides (Pro-,NA), and oligopeptides such as melanocyte-stimulating-hormone-release-inhibiting factor 1 (Pro-Leu-GlyNH2), Pro-Leu-Gly, and Pro-Phe-Gly-Lys. 
DISCUSSION
The B. coagulans proline iminopeptidase gene was cloned in E. coli, and its nucleotide sequence was determined. Furthermore, after construction of adequate expression vectors, levels of enzyme production almost 1,000-fold higher than that observed in B. coagulans could be obtained.
As far as we know, this is the first report about the cloning, sequencing, and high levels of expression of a proline iminopeptidase gene. Recently, Matsushima et al. (16) reported the nucleotide sequence of a porcine liver proline-,NAase. This enzyme was, however, finally identified as a carboxylesterase on the basis of its high level of homology with rat and rabbit liver carboxylesterases as well as the strong activity toward p-nitrophenyl acetate (16, 27, 28) . B. coagulans proline iminopeptidase was found to be encoded by a gene with a size of 861 bp, giving a protein with a size of 287 amino acid residues. The correspondence of the cloned gene with the characterized enzyme was confirmed by the agreement of the determined amino acid sequences and amino acid composition of the expressed enzyme with those deduced from the nucleotide sequence.
A search for homology with other proline-specific peptidases-aminopeptidase P (37), prolidase, prolyl endopeptidase-some aminopeptidases, such as pyroglutamyl aminopeptidase, E. coli aminopeptidase N, bovine lens, and E. coli andArabidopsis thaliana leucine aminopeptidases-and carboxylesterases (16) gave negative results; no enzyme with which B. coagulans proline iminopeptidase shared significant homology could be found.
One remarkable feature of the proline iminopeptidase gene was its unusual TTG initiation codon (Fig. 3) . Although this characteristic feature is rare among genes derived from E. coli, several cases have been reported on gram-positive bacteria of the Bacillus and Staphylococcus genera (17, 33) . Two examples of genes having the triplet UUG as an initiation codon in E. coli are represented by the adenylate cyclase gene (21) and -y-glutamylcysteine synthetase (33) . For these two cases, the replacement of the TTG codon by ATG resulted in an increase of the expression level from 1.5-to 4-fold. Similarly, for the gene under study, after changing the initiation codon to ATG and simultaneously reducing the distance to the tac promoter, an effective increase of the enzymatic activity of 2.5-fold was achieved. The overproduction of the enzyme allowed us to purify the enzyme very easily through a single chromatographic step and crystallization. By repeating the crystallization procedure, a preparation showing a single band on SDS-PAGE could be obtained. Even bigger crystals were obtained by using the hanging-drop method with samples seeded with previously obtained crystals.
The physicochemical and catalytic properties of both the expressed and wild-type enzymes were very similar (38) . The enzyme was completely inhibited by PCMB and dyesensitized photooxidation, suggesting the participation of at least one of each of the cysteine and histidine residues in the catalytic function. Almost all of the proline iminopeptidases hitherto reported were also strongly inhibited by PCMB. Chen and Buchanan (2) described four hydrolases from the cell suspension of N. gonorrhoeae, one of which had proline iminopeptidase activity. The enzyme was completely inhibited by iodoacetamide and by heavy metal salts. It also showed a high level of sensitivity to photooxidation and to diethyl pyrocarbonate like the present enzyme but could not hydrolyze the Pro-Pro bond, unlike the activities of the enzyme from B. coagulans and B. megaterium (36) . The latter was also similarly inhibited by PCMB and heavy metal salts and liberated the amino-terminal proline from peptides and proline derivatives (36) , resembling the B. coagulans enzyme in many aspects. On the contrary, the proline iminopeptidase from L. cinerascens (shimeji) was resistant to PCMB while being strongly inhibited by prolinol and diethyl pyrocarbonate (26) . The proline iminopeptidase activity from apricot seeds reported by Ninomiya et al. (18) was strongly inhibited by PCMB and showed a high level of sensitivity to photooxidation and to diethyl pyrocarbonate but could not hydrolyze the Pro-Pro bond.
Finally, the identification of the cysteine and histidine residues that are involved in catalytic function would help us to understand the reaction mechanism and the active site structure of the proline iminopeptidases. To accomplish this, site-directed mutagenesis studies are now in progress. Similarly, since we have obtained large prismatic crystals suitable for X-ray analyses, these studies would provide valuable information about the recognition site for proline that causes its specificity and could be even applied to other proline-specific peptidases.
